Experimental mass abundance spectra are used to extract evaporative activation energies ͑dissociation energies͒ for protonated water clusters, ͑H 2 O͒ N H + , and deprotonated water clusters, ͑H 2 O͒ N OH − , in the size range up to hundred molecules. The inversion is achieved by application of the shell correction method adapted from nuclear physics to the abundance spectra. The well known abundance anomaly for protonated clusters which occurs for N = 20-22 is found to have the characteristic behavior of a shell closing, whereas other apparent magic numbers are only prominent peaks in the abundance spectra because of the instability of the evaporative precursor. For the deprotonated clusters, we find a similar shell closing for N = 55-56.
I. INTRODUCTION
Water clusters play a central role in physical, chemical and biological processes of the earth and its atmosphere. [1] [2] [3] [4] [5] [6] They may occur in the free form, as clathrates surrounding other molecules, or as inclusion complexes within nanocavities. Water clusters are particular relevant to the vital atmospheric processes that regulate cloud formation, and are thereby linked to the earth's radiation balance and precipitation patterns. Cloud particle development may start by the formation of water-containing clusters, but the details of this process are as of yet incompletely understood. While classical nucleation theory can be applied to larger water clusters to account for the equilibrium between evaporation and condensation, this theory may become less and less reliable as the size of the cluster becomes smaller, i.e., in the nanoscale regime. 6 Furthermore, the kinetics of evaporation/ condensation of nanoscale water clusters is to a large degree affected by the presence of variable amounts of salts, organics and ions present, which makes the classical model even more uncertain.
Consequently, the quest for better knowledge of the physical and chemical properties of nanoscale clusters poses a challenge to scientists in an era where predictions of the future climate is under intense discussion. From an even more fundamental point of view, water clusters are ideal models for the condensed matter and should also be studied for this reason. The many anomalous properties of liquid water and ice are still a matter of large interest, which requires further experimental and theoretical investigation. 1 One of the most important question that arises in this context is the stability of these clusters, in particular the binding energy of the least bound molecule. Apart from containing structural information which is of interest per se, the size dependence of the binding energy plays a crucial role in all processes related to equilibrium and quasiequilibrium abundances. It does so by determining the rate at which molecular monomers are evaporated from clusters, with its essentially exponential dependence on the activation energy.
The present study investigates the stability of positively and negatively charged pure water clusters in the size range up to hundred water molecules, probed with molecular beam experiments in vacuum. Such clusters are usually produced with broad mass distributions that reflect the kinetics of formation of the source and the specific experimental conditions used. Superposed on the broad envelope abundance distributions one observes size-to-size variations in the abundances. Such abundance anomalies were observed very early in the study of water clusters. [7] [8] [9] The cluster sizes with higher than average abundances were denoted "magic numbers," and are generally assumed to be more stable than average. Much theoretical work has been devoted to the study of the special stability of, in particular, the N = 21 protonated water cluster. [10] [11] [12] Surprisingly, very little attention has been paid in the water cluster literature to the question of how one interprets the abundance anomalies in terms of the stability of the "magic numbers," or even if a high abundance can be ascribed to a high stability as is implicitly assumed ͑see, however, one attempt to quantify the effects in Ref. 13͒. Indeed, large abundances and high stabilities are not necessarily equivalent in molecular beam experiments. Under usually prevailing experimental conditions one can connect a high abundance with a large change in stability between two neighboring cluster sizes. 14 The conditions for this are that all clusters have undergone at least one evaporation and, for a quantitative analysis, that the evaporation of dimers and larger moieties is not important. Experimental studies show that metastable decay under conditions similar to those used here indeed occur via single molecule evaporation. [15] [16] [17] The condition that the clusters have undergone at least one evaporation before size selection in the mass spectrometer implies that the abundance anomalies, properly treated, are independent of the source conditions. This is a testable condition and this will be shown to be fulfilled with the data used here.
The method that will be used to analyze the experimental abundance spectra is a combination of the shell correction method and an evaporative cascade calculation. The shell correction method eliminates the broad abundance features from the data with a procedure described below. The evaporative cascade calculation relates the residual abundance variations to variations in binding energies. Evaporative ensemble considerations have been used previously 13 on measurements of metastable fractions with formulae due to Klots, 18 following an early study where patterns in metastable fractions were related to stabilities patterns. 19 Here we consider the abundances themselves and not the metastable decay of size selected species, and we extend the study to larger sizes. If the underlying assumptions of the analysis are correct, the methods of metastable decay and abundance spectra will give identical results.
The remainder of the paper will consist of a description of the experimental apparatus used and a brief qualitative discussion of the spectra, followed by a description of the theoretical tools used in the data analysis. Finally the outcome of the analysis will be presented and discussed.
II. EXPERIMENTAL PROCEDURE
Our experimental setup consists of an electrospray ion source which produces cluster ions from pure water. After electrospraying at atmospheric pressure, the generated ions pass through two differentially pumped chambers before entering the high vacuum region of the instrument. The operating parameters of the source were optimized for production of a wide distribution of clusters. After entering the high vacuum region of the apparatus the ions are focused into the quadrupole mass filter which works as a high pass filter in these experiments. The ions are then transferred into the time-of-flight ͑TOF͒ region which is operated around 10 −7 mbar. The TOF is of the reflectron type, and the ion beam is extracted and accelerated in a direction orthogonal to the ion optical axis by application of high voltage pulses to the acceleration electrodes. The duty cycle of the TOF is set to allow all ions in a wide mass range ͑strictly speaking, m / z range͒ to arrive before sending off the next burst of ions and the ion count rate is adjusted to allow for a sufficiently wide linear dynamic range. The mass resolution of the TOF analyzer was m / ⌬m = 5000 ͑FWHM͒. Typically, TOF spectra are accumulated for 1-2 min for positive ions and 5 min for negative ions.
A raw data mass spectrum for the protonated clusters is shown in Fig. 1 Fig. 2 .
III. DATA ANALYSIS
The conditions in the source determines the coarse features in the mass spectrum, such as mean size and width of the distribution. In addition, also the instrumental transmission and detection efficiency will in general influence the observed distribution. We have removed the global envelopes of the spectra by division with a smooth function. This procedure has been used previously 20-22 on metal and rare gas clusters, and constitute a simplified experimental application of the so-called shell correction method from nuclear physics. A rigorous derivation of the method as applied to clusters can be found in Ref. 22 . The applicability of the procedure to a specific data set is best verified by comparing the reduced spectra from raw data of different experimental conditions that yield mass spectra with different global shapes.
The smooth function used here was the exponential of a fifth order polynomial where the six coefficients were fitted parameters. After division with this function the resulting spectra I N have an average of 1 when averaged over a sufficiently wide mass range. Figures 3 and 4 show the reduced spectra. It is clear that there is a good correlation between the reduced spectra from different experimental runs for both the positively and negatively charged clusters. The good reproducibility confirms the hypothesis that the residual structures in the spectra are generated by cluster specific properties, as opposed to the kinetics of formation or quasiequilibrium conditions in the source. Very little structure is seen above N Ϸ 70. Some of the deviations from unity which are seen in Figs. 3 are clearly due to the inability of a fifth order polynomial to capture all variations across the mass range. In the following we only be concerned with cluster sizes up to N = 70.
The relation between the local variations in the spectra in Figs. 3 and 4 and the relative stability of the clusters will now be established. We will make the assumption that abundances are proportional to the width of the distribution of internal energies found in the clusters at a given time. The condition that the clusters have undergone at least one evaporation before mass selection means that the energy content of the freely evaporating clusters is determined by the upper limit E max , which is set by the evaporative rate constant k N ͑E max,N ͒ =1/ t together with the instrumental time t, which is the time elapsed between production of the ensemble and detection. There is a lower energy limit which is set by the corresponding higher limit for the precursor, less the loss of energy in the evaporation process, D N+1 , viz.,
The time t is size dependent but it will ultimately enter into a logarithm and we can use the common value 500 s for all sizes as a good approximation. The radiative heating time measured in ion trap experiments, 23 defined as the characteristic time needed for a cluster to absorb enough background radiation to evaporate a molecule, is given as 5 s / N. Our experimental time is far below this radiative heating time and radiative heating will be ignored. We can therefore identify the reduced abundance with the difference E max,N − E min,N , up to a constant that provides the energy scale. For a detailed derivation of results pertaining to these questions, please consult Ref. 14.
To proceed one needs an expression for the evaporation rate constant. We will use the detailed balance rate constant because this is the easiest applicable for clusters, in particular when the small fragment has rotational degrees of freedom and the transition states required for Rice-RamspergerKassel-Marcus ͑RRKM͒ calculations are not known. 24 In order to calculate rate constants with detailed balance the attachment cross section for a water molecule to a cluster must be known, as must the level densities of the product and precursor, N−1 ͑E͒ and N ͑E͒, i.e., the number of quantum states of the systems between the energy E and E + dE. The rate constant is, after integrating out the rotational motion and the translational degrees of freedom of the evaporated molecule,
where m 1,N−1 is the reduced mass of the evaporated molecule and the product cluster, ͑1,N −1͒ is the attachment cross section for the inverse process, T d is the microcanonical temperature of the product ͑daughter͒ cluster, defined as 25 ͑we will set Boltzmann's constant k B equal to unity͒
The z rot,1 is the rotational partition function of the water molecule at T d , and D N is the dissociation energy of cluster N, defined as the difference in ground state energies E gs of size N − 1 and N
where the zero of energy is chosen so that the free water molecule monomer has zero energy. It is assumed that the angular momentum of the evaporated molecule is small compared with that of the product cluster. Apart from this, the rate constant in Eq. ͑1͒ is exact. The most important feature of this expression is the ratio of level densities. For our purpose, the weakly energy dependent factor in front can be approximated with a constant because only the logarithm of it will appear. It is size dependent but also this dependence is weak enough to justify the use of a size independent value. The cross section in Eq. ͑1͒ is calculated as the geometric attachment cross section for a cluster of bulk density and size N = 40. The daughter temperature is summarily set to 150 K, which is a typical temperature for a 0. 
with the frequency factor = 7.4ϫ 10 17 s −1 . Finally, in order to solve the equation k N ͑E max ͒ =1/ 500 s the ratio of level densities must be specified. We will first consider a form similar to the extrapolation of measured bulk thermal properties. The bulk level density is extracted from tabulated values of the heat capacity which varies close to linearly with temperature below the melting point, corresponding to a quadratic dependence of the internal energy on temperature. 26 We will correct for the degrees of freedom lost to translation and rotation by the change N → N − 2. Integrating gives
where c is a constant which in the bulk takes the value 2. 26 This caloric curve is formally identical to that of a strongly degenerate Fermi gas and the level density associated with this system has been calculated for nuclei. 27 In the notation used here the result is
͑6͒
This gives rate constants of
͑7͒
With the condition k͑E max ͒ =1/ t the maximum energy for size N then becomes
and the energy interval spanned by the size N is
The variation in the separation energy with size is expected to be relatively small and we can linearize the difference in the quadratic terms as
where D N is an average separation energy. The abundances then become
͑11͒
where the separation energy in the last term has been approximated by the smooth value D N . The constant of proportionality in Eq. ͑11͒ which was calculated in Ref. 22 
We note that, with Eqs. ͑5͒ and ͑8͒, we can express c͑N −2͒D N / ln͑t͒ as the heat capacity of E max,N ,
We therefore have
The analogous result for a constant heat capacity is very similar. It was derived in Ref. 14 
and reads
I N = D N + D N+1 2D N + C v,N ln͑t͒ ͩ D N − D N+1 D N ͪ .
͑15͒
We will use Eq. ͑14͒ because it is based on the nonharmonic bulk level density which is expected to be more realistic, but it should be stressed that only the value at the evaporative temperature is important, at least in the absence of significant entropic effects and the results will therefore not depend critically on the variation in the heat capacity with temperature. The heat capacities can be extracted from measurements of metastable decay fractions because these are proportional to the heat capacity when the evaporation time is short. 28 Measurements of heat capacities for protonated water clusters and water clusters with an anionic core, of sizes from 5 to 300 ͑Ref. 29͒ have been performed and gave similar values for anionic and cationic clusters. The values were found to be reasonably well represented by the equation
which is higher than the bulk ice heat capacity at 150 K. This temperature can be used as reference temperature based on the liquid drop energies and evaporative ensemble results ͑see below͒. The trend to a higher heat capacity than bulk at these temperatures has also been seen in direct measurements of a few medium size cationic water clusters. 30 We have used the value 7.8 in the analysis throughout. The uncertainty is typically 10%. An overall reduction in C v,N changes the amplitude of the variations in binding energies around the average upwards with a similar relative amount, and vice versa for a reduction.
IV. RESULTS AND DISCUSSION
The result of the inversion of the experimental data with Eq. ͑14͒ is shown in Figs. 5 and 6. Individual spectra are inverted and averages and uncertainties are then calculated for each mass separately, based on the data provided by the inverted spectra. We note that the relatively large amplitude of the abundance variations around N = 55 for the negative clusters translates into a small amplitude in the variation in the dissociation energies. This is a consequence of the heat capacity that appears as a constant of proportionality in the equation that links the two quantities. The notion that high relative abundances does not necessarily reflect high absolute stability, but is due to a stability change, is seen particularly clearly for the protonated cluster where the minor N =55 abundance peak is caused by a slightly reduced stability of the N = 56 cluster. On the other hand, the protonated cluster around N = 21 display the signatures of a shell closing, with the characteristic slowly varying value below the shell closing, followed by a sudden drop at the shell closing. The anionic clusters display a similar shell closing at N = 55. This is somewhat surprising in the light of the qualitative similarity between the structures at N = 55-56 of the two charge states. Numerically, the explanation is that the structure at N = 54 and N = 57-58 differ for the two charge states. For the protonated clusters, some structure may also be hidden in the uncertainties which must be considered an upper limit of the true values.
The analysis so far has been made in terms of relative energies. A determination of absolute values require that an absolute energy scale is introduced. We will use the liquid drop parameters for a charged spherical water droplet for this purpose. The liquid drop, or Thomson liquid drop model, parameterizes the energy of a cluster in powers of the reciprocal cuberoot of N which, for a constant density, corresponds to an expansion in reciprocal powers of the radius. The parameters are the bulk dissociation energy, surface tension and charging energy. By construction, it does not include structural anomalies and the associated energy variations in specific cluster sizes. For considerations of chemical equilibrium it is conveniently formulated in terms differences in Gibbs' free energies. 31 However, for the present purpose ground state properties are more appropriate because the level density is parameterized from the ground state. The expression reads
The parameter A = 0.49 eV is the bulk binding energy per molecule, 29, 32 i.e., the zero temperature enthalpy, B =4r 1 2 = 0.22 eV is proportional to the surface tension and surface area as indicated ͑the liquid water 0°C surface tension is used͒. The "molecular radius" r 1 is defined such that the bulk reciprocal molecular density is equal to 4r 1 3 / 3. The parameters of the third term are the standard electrostatic ones, where the relative dielectric constant K is so large that 1 / K can be ignored in the expression. This gives us gion with overlapping measurements, N =3-8 for the protonated and for N =6-7 for deprotonated clusters. The anions and cations have a significantly different behavior for small sizes. The shell correction procedure does not allow strong conclusions to be made about the few points closest to the extremes of the spectrum. This fact is reflected in the uncertainties which are determined from the scatter of data points from individual spectra. We have at present no explanation for the differences between the negatively and positively charged clusters.
The analysis here involve ground state separation energies. These enter in a natural way because of the chosen parameterization of the level densities, as seen from the derivation. A number of other functional forms of the level density versus energy will also give ground state energies, although it is not a general rule. We will defer further discussion of these questions until more experimental evidence is available, except for a comment on the "latency effect." The effect is the observation that the 'magic' nature of N = 21 and N = 28 appears long time after ionization, on time scales of 4 -40 s. 37 This effect is interpreted, correctly we believe, as a solidification of the clusters that appears when evaporative processes have cooled the clusters sufficiently. This means that the protonated cluster separation energy D 21 extracted here is most likely the difference between the free energies of two clusters in different phases, liquidlike for N = 22 and solidlike for N = 21. This changes the interpretation but does not invalidate our derivation of the abundance-energy relation in Eq. ͑14͒. We should emphasize that it is not possible with the present data and analysis alone to conclude anything about the phase of the clusters.
The dissociation energies found here should be compared with literature data. There are several studies, both experimental and theoretical that show that the dissociation energy drops in the range N =1-5. 12, 13, [33] [34] [35] 38, 39 However, the existing literature data are inconclusive regarding the situation for N Ͼ 5. In some cases the experimental uncertainties are also too large to assess any trend. To our knowledge there exist only two data sets covering the whole range 1-30. Shi et al. 13 applied Klot's evaporative model to determine dissociation energies from metastable ͑H 2 O͒ N H + ion decay curves. They found a minimum for D but at a value of N = 10 which is above our minimum ͑see Fig. 7͒ . Their curve is rather featureless with no particular stability variation at N = 21. The absence of this is ascribed by the authors to entropic effects. From the low energy CID study of Magnera et al. 38 a minimum was found at N = 8. We note that our curve in Fig. 7 has a local maximum at N = 10. For higher values of N, Magnera et al. 38 find that the value of D are almost constant, with the exception of a peak value at N = 21. This peak appears isolated, in contrast to our data, where the N = 21 is the edge of a high binding plateau extending to lower sizes. We do not wish to draw strong conclusions from the comparisons with the data of Shi et al. 13 and Magnera et al. 38 for different reasons. For the former, the experimental data consisted in metastable fractions that are related to the ratio of two consecutive dissociation energies. The D N 's for the whole region are then found by multiplication of all ratios. The numerical stability of such a procedure which involves a so-called telescoping series has, to our knowledge, not been verified in the literature. For the latter, the data were analyzed without inclusion of the kinetic shift, whereas this is an essential part of the analysis of the present experiments, cf., Equation ͑8͒. The results of the data processing cannot therefore be expected to agree in the two cases.
Two photon absorption experiments provide other interesting comparisons. In Ref. 40 , the average dissociation energies around ͑H 2 O͒ N , N = 18, 34 are determined to 0.43 and 0.44 eV, respectively. This is very close to the values found for the same sizes of the slightly different anions studied here, corroborating the liquid drop parameterization. In another study, of a cationic water cluster with a dopand of a single aniline molecule and ten water monomners, 41 a similar technique as used in Ref. 40 gives a dissociation energy of 0.46-0.51 eV. Also this is very close to the values found here around N = 10. Obviously, the very good agreement may be fortuitous, but it should be kept in mind that dissociation energies are differential binding energies and can be less sensitive to the nature of a core molecule than total binding energies.
Finally, we note that except for providing unique insight into cluster structure as discussed above, the new data presented here are particularly significant to ionic condensation processes in the atmosphere. 
V. SUMMARY
The dissociative activation energies for positively and negatively charged water clusters have been determined for cluster sizes between 5 and 120, with an inversion of mass abundance spectra. The spectra have been treated with a procedure that extracts the binding energies and at the same time allows a check of the assumptions used in this part of the analysis. The expected special features in the thermal properties of water clusters was found to have very little effect on the inversion procedure, indicating that the procedure is robust. The well known structures at N = 21-22 for the positive clusters and N = 55-56 for the negative show the shape typical of shell closings, whereas the minor structure at N = 55-56 in positive clusters is due to a reduced stability of N = 56. Between N = 70 and N = 120 very little structure is seen in either charge state.
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